Accelerators for heavy-ion inertial fusion energy (HIF) have an economic incentive to fit beam tubes tightly to beams, putting them at risk from electron clouds produced by emission of electrons and gas from walls. Theory and PIC simulations suggest that the electrons will he radially trapped in the al kV ion-beam potential. We are beginning studies on the High-Current Experiment (HCX) with unique capabilities to characterize electron production and trapping, the effects on ion beams, and mitigation techniques. We are measuring the flux of electrons and gas evolved from a target, whose angle to the beam can be varied between 78" and 88" from normal incidence. Quadrupole magnets are operating with a variety of internal charged particle diagnostics to measure the beam halo loss, net charge, electron ionization rate, and gas density.
INTRODUCTION
Electron cloud effects (ECEs) are increasingly recognized as important, hut incompletely understood, dynamical phenomena, which can severely limit the peflormmce of colliders. the next generation of high-intensity rings, or future high-intensity heavy ion accelerators such as envisioned in Heavy Ion Inertial Fusion (HIF) 111.
Accelerators for HIF have an economic incentive to fit beam tubes tightly to hems. This places them at risk from gas desorption runaway, and from electron clouds produced by secondary electrons and ionization of gas.
We have initiated an experimental and theoretical program to measure, understand, and model these effects in heavy-ion accelerators [Z].
HCX CAPABILITIES
Theory and PIC simulations suggest that the electrons will he radially trapped in the a1 kV ion-heam potential [2,3], and can be detrapped by drifting into an upstream acceleration gap [Z] . We have installed four quadrupole magnets on the High-Current Experiment (HCX) [4] at LBNL with internal electron diagnostics.
On HCX we are studying the transport of a 1 MeV, 180 mA. K ion beam. (HCX has also operated at 1.8 MeV, 500 mA.) It has a beam potential of -1.5 kV, rise and fall times of 1 ps. and a flattop duration of 4 ps, repeated at IO s in,tervals. Electron transit times between walls are in the range of 7 ns, almost 3 orders of magnitude shorter *molvikl @llnl.gov , than the flattop duration. This enables exploration of unique electron trapping regimes: multipactor trapping will not occur during the flattop, however secondary electrons will he trapped during the rise time. Ionization of gas by the beam generates deeply trapped electrons, the ions from gas are expelled in SI ps.
Trailing edge multipacting, if it occurs. will he at the end of the fall time when the bounce time of electrons between walls grows to 125 ns as the beam potential falls below 100 V. Then electrons gain a40 eV on each transit.
But, all electrons should be lost before the next pulse, 10 s later in HCX, 0.2 s later in a future power plant driver. On PSR, electrons a e observable for surprisingly long times, but still only until I ps after a pulse [5l HCX provides an opportunity to search for subtle electron trapping mechanisms. To elaborate -an electron emitted from the beam tube with a few eV is accelerated by the beam potential to -10' higher energy, then decelerates towards the opposite wall. An irreversible conversion of only -io5 of the peak radid energy to axial or azimuthal energy will trap the electron, preventing it from reaching the opposite wall.
We have used the Gas-Electron Source Diagnostic (GESD) on the HCX to measure the flux of electrons and gas evolved from a target, whose angle to the beam can be v.aried between 78" and 88" from normal incidence. The results will be discussed in subsequent sections.
We have installed a variety of charged particle diagnostics in quadrupole magnets to characterize electron production and trapping: (1) Electrodes, flush with the, beam tube wall, are to measure the heam halo loss plus.the resulting secondary electron emission.. Using the electronemission coefficient measured with the GESD, we can infer the beam-halo loss. (2) Capacitive probes measure the net beam charge from which we can infer electron densities if they exceed a few percent of the beam density.
(3) Grids shield collectors from the 3-orders-of-magnitude larger capacitive signal, to enable measurement of the current of expelled ions from ionization of gas. This ion current will he calibrated against an ion gauge, varying the pressure by leaking in a known gas. Then, we can determine the time dependence of gas density in the beam It also directly measures the production rate of electrons from gas (when corrected by the ratio of the ionization c.ross section to the sum of ionization and charge-exchange cross sections). Slit scanners and beam profile diagnostics At present, the diagnostic bias power supplies, signal preamps, and data acquisition recorders and software produce reasonable signals. We are ready to commission the diagnostics to establish the validity of the information. Then we can proceed to experiments that study the two major sources of electrons: secondary emission from the beam tube and ionization of background and desorbed gas.
ION SCATTERING FROM SURFACE
We study ion scattering from surfaces with the TRIM (now SRIM) Monte Carlo code [6] . We found that large fractions of the incident beam ions "backscatter" near grazing incidence. Two consequences are:
(1) Halo ions in quadrupole magnets tend to he lost where the magnetic field is tangent to the beam tube, which confines secondary electrons to remain harmlessly near the wall [21. But ion scattering allows energetic ions to impinge the beam tube at other azimuths where the field lines pass through the beam. Secondaries generated there could be trapped within the beam. (2) Gridded collectors depend upon suppressing seconddary electrons, generated at one electrode, from reaching another. The initial gridded collectors are located only at azimuths where the magnetic field is tangent to the electrode surfaces, resulting in magnetic insulation of collectors from grids. These can measure expelled ions, but not c m n t s of detrapped electrons.
ELECTRON EMISSION
On HCX. we use the GESD to measure electron emission and gas desorption from 1 MeV K' ions incident on a stainless-steel target near grazing incidence (Fig. 2) . These data allow us to calibrate electrodes in magnetic quadrupoles that are flush with the beam tube: by measuring the secondary emission current, we infer the beam loss and the gas desorption. We also anticipate using the GESD to study mitieation techniaues for reducine To measure the electron emission current, we bias the grid to +150 V and the reflected ion catcher to -25V, leaving the target at 4 0 V. The catcher is designed to "catch" about 90% of ions reflected (back-scattered) from the target. The SRIM code [61 calculates that 60-709b of ions incident on the target near grazing incidence will be reflected. We minimize the catcher current by biasing it 15V positive relative to the target. The electron emission coefficient is shown in Fig. 3(a) . We apply models based on electron energy input from ion To measure the beam current into the GESD, we raise the target to the upper position in Fig. 2 , exposing a Faraday cup to the beam. We bias the grid to -150 V, and the target/Faraday cup to 4 0 V. The HCX beam is expanding over the 1.5 m drift to the GESD, so that the current into the GESD is -0.14 mA, out of a total beam current of 180 mA at 1 MeV Maintaining the ion-beam current at <<1 mA is necessary to avoid limiting the electron emission current by space charge (the target to grid gap is -7 cm) rather than by electron emission. Beam from the left is incident on a target whose angle of incidence can be varied between 78" and 88' relative to normal. The target is shown at 3 angles, the upper position centers a vee-shaped Faraday cup on the aperture. amount by which the measured q. fell helow l/cos(8). We found that d = 2.2 nm satisfied this condition. Then using this thickness at other angles gave the dashed line curve in Fig. 3(a) , which is a reasonable fit to the data at other angles near grazing incidence.
GAS DESORPTION
The gas desorption coefficient qo, is measured from the pressure rise after a pulse. The GESD pumps out through the 0.3 by 2.5 cm entrance aperture. plus a 1 cm diameter hole, giving a pump-out time constant of 0.3 sec, long enough for an ion gauge to determine the peak pressure, but short compared with the 10 s before the next pulse.
The less than Ucos(0) dependence of gas desorption indicates that it is not only from layers of gas adsorbed on the surface (Fig. 2(b) ).
We calibrated the GESD Bayard-AlpeR ion gauge, over a range of emission currents from 0.5-10 mA and at two pressures 0.7 and 2.5 x IOd Torr, against a Granville Phillips Stahil-Ion Gauge. The sensitivity varied with emission current over a range of 138, from a low of 7.1 Tori' at 2 mA to about 8.7 Tori' approaching IO mA. This compares with the nominal 10 Tori' for the GESD gauge.
We compare two models for desorption: physical and electronic sputtering. Electronic sputtering is due to the electronic component of dWdx [9,lO] , which is evaluated with the SRIM code [6] . Physical sputtering results from the nuclear scattering component of dWdx. but is much less than the electronic component for K' ions with energy exceeding 250 keV.
The major difficulty with the electronic sputtering model for desorption from accelerator beam tubes is that it is not expected to be applicable to ions impinging on metals, because free electrons rapidly neutralize charge separation in the ion track, preventing a coulomb explosion. Ion gauges have an analogous difficulty, they can only measure volatile molecules that can impinge walls many times without sticking. Measurements at CERN found the dominant desorbed gases to he CO, CO,, H,, and CH, [Ill, all insulators in solid or liquid form.
The compelling motivation to use this model is that much more energy is available from electronic stopping than from nuclear stopping in the energy range for heavyion fusion, and even more so for high-energy physics. With physical sputtering from the nuclear scattering, it is difficult to get coefficients greater than a few tens, hut electronic sputtering is energetically capable of producing desorption coefficients in the range of thousands as observed here and at CERN [Ill.
